Context: Prenatal exposure to maternal cigarette smoking is a well-established risk factor for obesity, but the underlying mechanisms are not known. Preference for fatty foods, regulated in part by the brain reward system, may contribute to the development of obesity.
T HE GROWING PREVALENCE OF obesity is a major public health concern in most industrialized countries. Prenatal exposure to maternal cigarette smoking (PEMCS) is a likely contributor to this problem, as PEMCS is a wellestablished risk factor for obesity, [1] [2] [3] [4] [5] [6] [7] [8] [9] and a significant proportion of the current population has been exposed in utero to maternal cigarette smoking. For example, in Canada and the United States, close to 40% of pregnant women smoked in the 1960s and 1970s, and 10% of pregnant women still smoke at present (eFigure 1, http://www .jamapsych.com.).
The mechanisms of PEMCS-related risk for obesity are not known. Maternal smoking may affect the fetus in several ways:
(1) Inhaled nicotine induces vasoconstriction of the uteroplacental vasculature that leads to uteroplacental underperfusion and, in turn, decreased flow of nutrients and oxygen to the fetus. (2) Increased levels of carboxyhemoglobin reduce tissue oxygenation of the fetus. (3) Nicotine suppresses the mother's appetite, leading to poor nutrition of the mother and fetus. (4) Nicotine causes alterations in the cellular growth and activity of the central and peripheral nervous systems 10 ; it passes easily through the placenta to the fetal circulation and stimulates, with inappropriate timing and intensity, the nicotinic acetylcholine receptors expressed in the developing central nervous system. 11, 12 Obesity develops as a result of a chronic energy imbalance in which energy intake exceeds energy expenditure. Excess dietary fat may contribute to this imbalance and development of obesity, [13] [14] [15] as fat compared with other macronutrients (ie, carbohydrates and protein) is of higher energy density and efficiency. 16 Dietary preference for fat is a complex behavior regulated by (1) homeostatic mechanisms involving brain structures such as the brainstem and hypothalamus, which serve to maintain energy balance, and (2) reward-related mechanisms involving brain structures such as the amygdala, nucleus accumbens, and orbitofrontal cortex (OFC), which process the hedonic properties of food independently of the body's energy status. 17 The latter structures also process the hedonic properties of drugs of abuse 18 ; in this context, it is of note that PEMCS has been associated with structural changes in the brain reward system 19, 20 and an increased rate of experimentation with drugs of abuse in childhood, adolescence, and adulthood. 19, [21] [22] [23] We have shown previously that PEMCS enhances accelerated weight gain during late puberty, increasing both whole-body and intra-abdominal adiposity. 7 The aim of our study was to investigate whether this PEMCS-related risk for obesity is associated with enhanced dietary intake of fat and with structural variations in brain regions involved in processing rewards. The study was conducted in a population-based sample of 378 adolescents studied in late puberty in whom fat intake was assessed with a 24-hour recall performed by a qualified nutritionist, and volumetric measurements of the key structures of the brain reward system, namely the amygdala, nucleus accumbens, and OFC, 24 were made with magnetic resonance imaging.
METHODS

PARTICIPANTS
We studied 378 adolescents aged 13 to 19 years who were recruited through regional high schools from the genetic founder population living in the Saguenay Lac St. Jean region of the Canadian province of Quebec, as part of the ongoing Saguenay Youth Study. 25 One of the hallmarks of puberty is an accelerated weight gain that occurs in most boys and girls at Tanner stages 4 and 5 of pubertal development. 26 Given our previous findings of the association between PEMCS and obesity during late (Tanner stages 4 and 5) but not early (Tanner stages 2 and 3) puberty, 7 only adolescents at stages 4 and 5 were examined in the present study.
Adolescents exposed (n=180) and nonexposed (n=198) prenatally to maternal cigarette smoking were matched at recruitment by maternal education and participant's school attended to minimize the potentially confounding influence of socioeconomic status (SES). 25 Being exposed was defined as having a mother who smoked more than 1 cigarette per day during the second trimester of pregnancy and being nonexposed was defined as having a mother who did not smoke 1 year before (and throughout) the pregnancy. With these selection criteria, all mothers of exposed participants reported smoking throughout all 3 trimesters of pregnancy. The information on maternal cigarette smoking during pregnancy was ascertained from the mother using a structured telephone interview at the time of our study and was subsequently validated against medical records from the time of pregnancy in a subset of 260 adolescents; Kappa statistics with a mean [SD] value of 0.69 [0.04] indicated a good strength of agreement in this subset (good agreement, Ͼ0.6 to 0.8). 27 The main exclusion criteria were (1) premature birth (Ͻ35 weeks) or detached placenta, (2) maternal alcohol abuse during pregnancy, (3) positive medical history of the participant for type 1 diabetes mellitus and heart disease requiring surgery or sustained medication, and (4) contraindications of magnetic resonance imaging. Additional details of recruitment have been described elsewhere. 25 Written consent of the parents and assent of the adolescents were obtained. The research ethics committee of the Chicoutimi Hospital approved the study.
OUTCOMES AND POTENTIAL CONFOUNDERS
Twenty-four-hour food recall was used to obtain information on the foods and drinks consumed during the past 24 hours in a structured interview conducted in person by a trained nutritionist on a Saturday during a hospital session of our protocol. A 24-hour food recall is a well-established method of assessing diet used, for example, in the US National Health and Nutrition Examination Surveys, the only nationally representative dietary survey in the United States. 28, 29 The obtained information on the foods and drinks consumed during the past 24 hours was then analyzed with the recipe file to obtain energy and macronutrients (ie, fat, carbohydrates, and protein) intake. This instrument has been validated for Quebec youth. 30 The proportions of energy consumed in the form of fat, carbohydrates, and protein, as well as total energy intake were calculated. In addition, the 24-hour food recall was complemented by participants' answers to 6 questions about their eating habits and fruit/vegetable consumption (in the last 7 days); these questions were selected from the Santé Québec Nutrition Survey of Quebec Youth.
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ANTHROPOMETRY AND MULTIFREQUENCY BIOIMPEDANCE
Weight (0.1-kg precision) and height (1-mm precision) were measured. Total body fat was assessed using multifrequency bioimpedance analysis (Xitron Technologies), as reported previously. 31 Adolescents were asked to abstain from caffeine, alcohol, and vigorous activity 24 hours before the measurement, which was made after a 20-minute stabilization period during which the participants rested in a supine position.
MAGNETIC RESONANCE IMAGING OF THE BRAIN
Magnetic resonance T1-weighted images (1-mm isotropic) of the brain were acquired on a Phillips 1-T superconducting magnet (Gyroscan NT; Philips Healthcare). The details of magnetic resonance imaging data collection were reported previously. 25 Volumes of the whole brain and of the right and left amygdala, nucleus accumbens, and OFC were obtained with FreeSurfer version 5 (FreeSurfer). 32 Briefly, FreeSurfer is a collection of image-analysis algorithms that assigns automatically anatomic labels to each voxel of the magnetic resonance volume; this is achieved by combining probabilistic information about the global location of a structure in the atlas space with local spatial relationships between adjacent structures. 33 In this manner, we obtained the volumes of subcortical structures examined here, namely the left and right amygdala and the left and right nucleus accumbens. In addition, FreeSurfer consists of a set of automated tools for recovering the geometry and topology of the pial surface and the gray/white interface of the left and right hemispheres. The total surface area of a particular cortical region can be estimated as a sum of verti-ces having the same anatomic label, while the cortical thickness is measured as the mean difference between the position of equivalent vertices in the pial and gray/white surfaces for the same cortical region. What we define in this study as the OFC, FreeSurfer classified as the lateral OFC. 34 Based on the anatomic parcellation of the OFC by Chiavaras et al, 35 we defined the OFC as including the anterior, medial, and posterior OFCs but excluding the adjacent gyrus rectus (defined by FreeSurfer as the medial OFC) and the lateral orbital gyrus (defined by FreeSurfer as the pars orbitalis). The latter 2 FreeSurferbased segments extend beyond the OFC onto other frontal areas on the medial and lateral convexities. In the analyses reported here, we used the total (leftϩright) volumes of the 3 brain structures.
QUESTIONNAIRES TO PARTICIPANTS ON PHYSICAL ACTIVITY AND PUBERTY STAGE
Physical activity was assessed with a questionnaire validated for Quebec youth 30 that asked about the number of 20-minute exercise sessions they completed in the previous 7 days. In addition, participants completed a self-report of pubertal development using the Puberty Development Scale, 36 which was validated previously against physician ratings of pubertal development 37 ; this is an 8-item self-report measure of physical development based on the Tanner stages with separate forms for males and females. For this scale, there are 5 stages of pubertal status: (1) prepubertal, (2) beginning pubertal, (3) midpubertal, (4) advanced pubertal, and (5) postpubertal. Participants answer questions about their growth in stature and pubic hair, as well as menarche in females and voice changes in males.
QUESTIONNAIRES TO PARTICIPANTS ON CIGARETTE SMOKING, ALCOHOL USE, AND DRUG EXPERIMENTATION
Adolescents were asked 15 questions about the use of alcohol, cigarettes, marijuana, and other illicit drugs, namely stimulants, psychedelics, phencyclidine, ecstasy (street name for 3,4-methylenedioxymethamphetamine), prescription drugs, inhalers, cocaine, opiates, tranquilizers, heroin, anabolic steroids, and other drugs; these questions had been used previously 38 and, for this study, were incorporated in the GRIPado (Groupe de recherche sur l'inadaptation psychosociale chez l'enfant [Research Unit on Children's Psychosocial Maladjustment]) questionnaire. The outcome measure was the sum of positive answers to the 15 questions regarding lifetime history of drug use. As part of the same questionnaire, the participants were also asked questions on cigarette smoking and alcohol use in the previous 30 days.
QUESTIONNAIRES TO PARENTS ON CURRENT FAMILY SES AND PARTICIPANTS' PERINATAL FACTORS
Parents completed questionnaires ascertaining information on SES (current family income), as well as pregnancy and early postnatal environment (birth weight and duration of breastfeeding in weeks). The questionnaire was administered by a research nurse during a home visit as described previously.
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STATISTICAL METHODS
Descriptive statistics used to characterize the study population included means and standard deviations for continuous variables and proportions for categorical variables. The main analyses focused on examining putative associations between PEMCS (exposed prenatally to maternal cigarette smoking vs nonexposed) and main outcomes: (1) total body fat, (2) dietary fat intake (percentage of 24-hour energy intake consumed as fat), and (3) total volumes of the 3 brain regions (the amygdala, nucleus accumbens, and OFC). These analyses relied on the multivariate linear model. For each outcome, we examined the normality assumption and the values of outcomes with substantial positive skewness, namely body weight, body mass index (BMI, calculated as weight in kilograms divided by height in meters squared), and total body fat were log transformed. In all analyses, we adjusted for sex (males=0, females=1), age, and, if appropriate, height (model 1). In addition, we assessed to what extent the putative associations of PEMCS with outcomes might be mediated by PEMCS associations with lower birth weight and a shorter period of breastfeeding. 39, 40 To this end, we repeated the analyses of main outcomes with additional adjustment for birth weight, duration of gestation, and duration of breastfeeding (model 2). We also examined whether the putative associations of PEMCS with outcomes might be mediated by lower SES with additional adjustment for current family income (model 3). However, note that exposed and nonexposed individuals were matched by maternal education during ascertainment; therefore, we did not observe any significant differences between the 2 groups in SES (Table 1) . Furthermore, we examined whether the putative associations of PEMCS with outcomes might be mediated by maternal obesity, an important risk factor for offspring obesity 41 ; an additional adjustment was made for maternal BMI (model 4). Moreover, we explored whether the putative associations of PEMCS with outcomes are present across the entire range of adiposity. To address this question, we assessed the associations in individuals with above median and below median BMI. The median split was performed separately in exposed and nonexposed individuals on age-adjusted and sexadjusted BMI. With a path analysis, we also examined whether variations in brain regions associated with reward processing impacted adiposity (ie, BMI) by way of higher fat intake. This analysis was conducted separately in exposed and nonexposed individuals and only for the brain region that showed a significant association with fat intake in models 1-4 (ie, the amygdala). Finally, supplementary analyses focused on examining putative associations of PEMCS with cigarette smoking, alcohol intake, and drug experimentation. All hypotheses were tested using 2-tailed tests at ␣ = 0.05. All analyses but the path analysis, which was performed using R version 2.14 (R Project for Statistical Computing), were carried out with JMP version 8.02 (SAS Institute Inc).
RESULTS
On average, mothers of exposed participants smoked a mean (SD) of 11.1 [6.8] cigarettes per day throughout their pregnancies (eTable 1). Exposed compared with nonexposed adolescents did not differ by sex, age, puberty stage, or height (Table 1) . They also did not vary in physical activity and family income (Table 1 ) or in their eating habits such as having dinner with the family, alone, or with friends (eTable 2). As expected, 42 exposed vs nonexposed individuals were lighter at birth (by 301 g; PϽ .001) and were breastfed for a shorter period of time (by 4.5 weeks; P Ͻ.001; Table 1 ).
PEMCS AND OBESITY
Exposed vs nonexposed adolescents had a marginally higher body weight (by approximately 1.7 kg; P=.10) and BMI (by approximately 0.7 kg/m 2 ; P=.05) and a significantly higher total body fat (approximately by 1.7 kg; P=.009; Table 2 ). These differences were present while adjusting for a basic set of potential confounders, namely age, sex, and, when appropriate, height (body weight and total body fat). Importantly, they remained virtually unchanged after additional adjusting for variables frequently associated with maternal cigarette smoking during pregnancy and implicated on their own in increasing the risk for obesity (ie, lower birth weight, shorter duration [or lack of] breastfeeding, and lower SES) 39, 40, 43 Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); NAc, nucleus accumbens; OFC, orbitofrontal cortex. a Nonadjusted means and adjusted differences with 95% confidence intervals (CI) are presented for individuals exposed and nonexposed prenatally to maternal cigarette smoking. The differences between exposed and nonexposed individuals were adjusted for potential confounders in the 3 models.
b Model 1: sex ϩ age ϩ (height, when appropriate). c Model 2: sex ϩ age ϩ (height, when appropriate) ϩ birth weight ϩ breastfeeding duration ϩ gestation duration. d Model 3: sex ϩ age ϩ (height, when appropriate) ϩ birth weight ϩ breastfeeding duration ϩ gestation duration ϩ family income. e Adjusted differences were calculated with log-transformed values.
(models 2 and 3 in Table 2 ). They also remained virtually unchanged after additional adjusting for maternal BMI, a known risk factor for offspring obesity 41 (model 4 in eTable 3). Thus, it appears that the association between PEMCS and greater adiposity is independent of these factors and, as such, may be specific to maternal cigarette smoking. The exposure-associated differences in adiposity (higher by 13% in exposed vs nonexposed individuals) is likely clinically relevant, as previous research showed that a difference of 9% of total body fat is associated with a significantly higher risk for the metabolic syndrome in adolescents. 44 
PEMCS AND FAT INTAKE
In addition to higher adiposity, exposed vs nonexposed participants showed higher intake of fat, expressed as percentage of energy intake consumed in the form of fat (by ϩ2.7%; P=.001; Table 2 ). This difference remained highly significant (PϽ.001; Table 2 ) when adjusted also for the previously mentioned perinatal and socioeconomic factors (ie, birth weight, breastfeeding, and family income) and maternal BMI (Table 2 and models 2-4 in eTable 3). Furthermore, consistent with the possibility that greater fat intake increases the risk for obesity, fat intake correlated modestly with total body fat in the whole sample (r=0.13; PϽ.02), with similar trends being observed in exposed (r = 0.14; P = .06) and nonexposed (r = 0.11; P=.17) participants.
Apart from fat intake, exposed vs nonexposed participants showed tendencies toward higher energy intake (by ϩ150 kcal; P=.06) and lower carbohydrate intake (by −2%; P=.05) but no difference in protein intake (P=.17; Table 2 ). These differences in energy, carbohydrate, and protein intake became significant when adjusted for perinatal and socioeconomic factors and maternal BMI (models 2 and 3 in Table 2 , and model 4 in eTable 3).
PEMCS AND THE BRAIN
Exposed vs nonexposed participants demonstrated significantly smaller amygdala volume (by 95 mm 3 ; PϽ.001; Table 2 ); this difference remained significant when adjusted for perinatal and socioeconomic factors and maternal BMI (models 2 and 3 in Table 2 , and model 4 in eTable 3). In addition, amygdala volume correlated inversely with fat intake (r =−0.15; P =.006), and this correlation was seen in exposed (r=−0.16; P Ͻ .04) but not in nonexposed (r=−0.08; P =.29) participants. Furthermore, exposed vs nonexposed participants showed a moderately lower volume of the nucleus accumbens (by 39 mm 3 ; P = .02), but this difference became nonsignificant when adjusted for perinatal and socioeconomic factors and maternal BMI (Table 2 and eTable  3) . No differences were observed in volumes of the OFC and the whole brain (Table 2 and eTable 3) . Moreover, exposed vs nonexposed individuals demonstrated lower amygdala volume and higher fat intake only among individuals with above median BMI (obese) and not among individuals with below median BMI (Figure) , indicating that the nonobese subset of exposed individuals might be protected from the adverse outcomes of the exposure.
Finally, we tested the hypothesized relationships between lower amygdala volume, higher fat intake, and higher adiposity with a path analysis. In exposed individuals, this model provided good fit ( 2 1 =0.01; P=.92; root mean square error of approximation = 0; 90% CI, 0-0.07; comparative fit index=1), but in nonexposed individuals, the model provided poor fit ( 2 1 =1.36; P=.24; root mean square error of approximation=0.04; 90% CI, 0-0.20; comparative fit index = 0.74). In exposed individuals, smaller amygdala volume predicted higher fat intake (P =.03), while higher fat intake showed a trend toward higher BMI (P =.06), whereas in nonexposed individuals, smaller amygdala volumes did not predict higher fat intake (P =.27), and higher fat intake did not predict higher BMI (P=.18; eFigure 2).
PEMCS AND CIGARETTE SMOKING, ALCOHOL INTAKE, AND DRUG EXPERIMENTATION
Exposed vs nonexposed participants showed higher alcohol use and drug experimentation but not cigarette Figure.
Association of prenatal exposure to maternal cigarette smoking with amygdala volume (A) and fat intake (B) in individuals with above median and below median body mass index (BMI). The median split was performed separately in exposed (E) and nonexposed (NE) individuals on age-adjusted and sex-adjusted BMI. The data are presented as age-adjusted and sex-adjusted means and standard deviations.
smoking, and these differences remained essentially unchanged when adjusted for perinatal and socioeconomic factors (eTable 4). Alcohol intake and drug experimentation did not correlate with amygdala volume, indicating that the exact mechanisms of PEMCS associations with these behaviors may not be the same as those underlying the association between PEMCS and fat preference. In addition, amygdala volume remained significantly lower in exposed vs nonexposed individuals after adjusting not only for age and sex but also for cigarette smoking (number of cigarettes per day in the last 30 days; P = . 
COMMENT
The results of our study suggest that PEMCS may increase the risk for obesity by enhancing dietary intake of fat, and that this effect may be mediated in part through subtle changes in brain structures involved in reward processing. Prenatal exposure to maternal cigarette smoking is a well-established risk factor for obesity, [1] [2] [3] [4] [5] [6] [7] but the underlying mechanisms are not known. Our study suggests that PEMCS-induced modifications of the neural pathways enhancing preference for fat may represent one such mechanism.
Although not yet reported in the context of PEMCS, enhanced preference for fat has been observed previously in association with another prenatal factor, namely maternal undernutrition during gestation. 45 Both maternal malnutrition 39 and cigarette smoking during pregnancy 46 are adverse intrauterine environments leading to fetal growth restriction, which itself is a strong predictor of future obesity. 39, 40 For this reason, we also tested to what extent the association of PEMCS with fat preference might be mediated by PEMCS-related low birth weight (model 2). This analysis showed that, after adjusting for birth weight, the association between PEMCS and preference for fat remained highly significant (PϽ.001; Table 2 ), thus suggesting that PEMCS may enhance preference for fat independently of birth weight through mechanisms specific to cigarette smoking. This is also suggested by previous epidemiologic research reporting that the PEMCS association with obesity is independent of birth weight. 47, 48 Diets high in fat are considered highly rewarding. 49, 50 The hedonic properties of fat are processed by similar structures of the brain reward system as the hedonic properties of drugs of abuse. 18 Animal research suggests that prenatal exposure to nicotine, the main psychoactive compound in cigarette smoke, causes long-term changes in the developing brain and in the brain reward system in particular. Acting on the nicotinic cholinergic receptors, nicotine modulates the release of neurotransmitters (eg, dopamine) within the brain reward system. 51 Studies in adolescent rats demonstrated that prenatal exposure to nicotine reduces both expression of the nicotinic cholinergic receptors 52 and nicotine-stimulated neurotransmitter release in this system. 53 Moreover, nicotine exerts trophic effects during brain development, 54 and prenatal exposure to nicotine has been shown to cause subtle structural changes in the brain. 55 In our study, exposed vs nonexposed individuals exhibited lower amygdala volume and the amygdala volume correlated inversely, albeit modestly, with fat preference. The amygdala is a structure of the brain reward system studied extensively in the context of both drug addiction and the regulation of fat preference. With respect to the former, lower amygdala volume has been observed in individuals with alcohol addiction 56 in whom it was associated with greater alcohol craving and more likely relapse into alcohol consumption. 57 Lower amygdala volume has also been observed in adolescent and young-adult offspring of individuals with alcohol addiction, suggesting that it may be a risk factor for alcohol addiction rather than its consequence. 58 With respect to the regulation of fat preference, activation of the amygdala by intra-amygdalar administrations of neuropeptide Y 59 and enterostatin 60 decreases preference for fat in experimental animals.
Taken together, the current research indicates that reduced size and/or lesser activation of the amygdala may increase the risk for addiction and augment fat preference. These observations are consistent with the possible role of the PEMCS-induced reduction of the amygdala size in increasing fat preference and in turn the risk for obesity, as suggested by the results of this study. In our study, exposed vs nonexposed individuals showed lower amygdala volume by 66 mm 3 to 95 mm 3 . Although this is a relatively subtle difference, it could translate into meaningful differences in the number of neurons and possibly function. For example, it has been shown that the (right) posterodorsal subnucleus of the rat amygdala (at postnatal day 26) is larger in males than females by approximately 0.042 mm 3 (total volume of 0.258 mm 3 in juvenile males) and that volumetric difference is largely due to a higher number of neurons (by 5471 neurons). 61 Nevertheless, future functional imaging studies in humans and preclinical studies in animal models are required to further our understanding of how the exposure impacts the amygdala and the reward aspects of fat intake.
In our study, we observed that only about half of the exposed individuals showed significantly lower amygdala volume and higher fat intake (Figure) . The vulnerability of these individuals may in part be due to their genetic makeup. It may be mediated by genes that change expression/function in response to the exposure (geneenvironment interactions), and by genes that are shared between the mother and offspring and play a role in increasing both the mother's inability to quit smoking during pregnancy and the offspring's preference for fat and obesity (gene-environment correlations). To dissect these complexities, further large-scale studies into the genetic underpinnings of brain structure and behavior are required, and these studies need to be conducted not only in exposed/nonexposed individuals but also in their parents.
Hedonic properties of food are considered the main driving force behind food choices. 62 Other factors, such as eating habits, culture, economics, and availability, also play a role. 62 In our study, both exposed and nonexposed individuals were drawn from the genetic founder population of the Saguenay Lac St. Jean region of the Canadian province of Quebec; this population is characterized by a relatively high genetic and cultural homogeneity. 25 In addition, exposed and nonexposed individuals were matched at recruitment by maternal education; as a result of this design, exposed and nonexposed participants did not differ by current family income, a key index of SES (Table 1) . Furthermore, exposed and nonexposed participants did not differ by obesogenic behaviors such as a lack of family meals (eTable 2). They also did not differ in the frequency of consuming fruits and vegetables, although consistent with their higher intake of fat and lower intake of carbohydrates, exposed vs nonexposed subjects showed trends toward eating fruits and vegetables less frequently; these trends remained unchanged when additionally adjusted for family income, suggesting they were not due to socioeconomic disparities (eTable 2).
In summary, the results of our study are consistent with the fetal-programming hypothesis of obesity 39, 63 and suggest that PEMCS may contribute in this context by modifying fat intake through neural mechanisms involving the amygdala.
